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An Adaptive Electric Differential for
Electric Vehicles Motion Stabilization
Bekheira Tabbache, Abdelaziz Kheloui, and Mohamed El Hachemi Benbouzid, Senior Member, IEEE
Abstract—This paper proposes a traction drive system for elec-
tric vehicles (EVs) with two separate induction motor drive-based
wheels. In this case, an electric differential (ED) is developed. To
handle EV stability while cornering or under slippery road con-
dition, the proposed traction drive uses direct torque control and
an adaptive-flux-and-speed-observer-based algorithm. EV-specific
experimental tests on a digital signal processor TMS320LF2407
are carried out to show the effectiveness of the proposed adaptive
ED in terms of robustness and stability.
Index Terms—Adaptive observer, direct torque control (DTC),
electric differential (ED), electric vehicle (EV).
NOMENCLATURE
s, (r) Stator (rotor) index.
α, β Synchronous reference frame index.
l, r Left and right motor subscripts.
∧ Estimated quantity.
∗ Reference quantity.
V (i) Voltage (Current).
ϕ Flux.
ωr Rotor electric speed.
T Motor torque.
R Resistance.
L Inductance.
Lm Magnetizing inductance.
σ Leakage coefficient σ = 1− L2m/LsLr.
Tr Rotor time constant (Tr = Lr/Rr).
Ts Stator time constant (Ts = Ls/Rs).
p Pole-pair number.
v Vehicle speed.
r Vehicle wheel radius.
Ω Motor speed.
I. INTRODUCTION
G ENERALLY, in most electric vehicle (EV) propulsionapplications, an ac motor is connected to the wheels by
reduction gears and a mechanical differential. In some vehi-
cle drive arrangements, high-speed, low-torque wheel motors
Manuscript received July 13, 2010; revised September 23, 2010; accepted
October 25, 2010. Date of publication November 9, 2010; date of current version
January 20, 2011. The review of this paper was coordinated by Dr. A. Khaligh.
B. Tabbache is with the University of Brest, 29238 Brest, France, and also
with the Department of Electrical Engineering, Polytechnic Military Academy,
16111 Algiers, Algeria.
A. Kheloui is with the Department of Electrical Engineering, Polytechnic
Military Academy, 16111 Algiers, Algeria.
M. E. H. Benbouzid is with the University of Brest, 29238 Brest, France
(e-mail: Mohamed.Benbouzid@univ-brest.fr).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TVT.2010.2090949
Fig. 1. EV dual-motor configuration (FG: fixed gear, EM: electrical motor,
EC: electronic controller, ES: energy source, PC: power converter).
requiring gear reduction are used, and in these cases, either a
gear motor assembly is mounted inside the wheel, or a chassis-
mounted motor is connected to the wheel through gear reduc-
tion. Further simplification of the vehicle drive arrangement
results in the elimination of the gear being interposed between
motor and wheel. The above then calls for the use of an electric
differential (ED) [1]–[4].
ED-based EVs have advantages over classical EVs with a
central motor. Indeed, mounting the motors directly to the
wheels simplifies the mechanical layout. The ED system will
reduce the drive line components, thus improving the overall
reliability and efficiency. This option will also reduce the drive
line weight since mechanical differential and gear reduction are
not used. However, one of the main issues in the design of these
EVs (without mechanical differential) is to ensure vehicle sta-
bility in particular while cornering or under slippery road con-
ditions [2]. This calls for a specific traction control system [5].
In this context, the induction motor has been adopted as the
EV propulsion base [6]. Among the available induction motor
control techniques, direct torque control (DTC) appears to be
very convenient for EV applications [5], [7], [8]. DTC has the
advantage of not requiring speed or position encoders and uses
voltage and current measurements only. Flux, torque, and speed
are estimated. It also has a faster dynamic response due to the
absence of a proportional–integral (PI) current controller. The
input of the motor controller is the reference speed, which is
directly applied by the pedal of the vehicle. However, typical
advantages of DTC are not sufficient in particular regarding
low-speed operation and parameter variations. This calls then
for the use of adaptive observers. In this case, the Luenberger
observer is adopted for the flux and speed estimation [9]–[11].
Specific experimental tests on a digital signal processor
(DSP) TMS320LF2407 are carried out to demonstrate the
feasibility and the effectiveness of the proposed adaptive ED
in terms of robustness and stability.
0018-9545/$26.00 © 2010 IEEE
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Fig. 2. Proposed EV propulsion and control system schematic diagram.
II. ELECTRIC VEHICLE DUAL-MOTOR CONFIGURATION
There are several possible EV configurations regarding the
electric propulsion and the energy sources [12]. In the adopted
dual-motor configuration, the ED is associated with front
wheels and has specific features over [1] (see Fig. 1).
III. CONTROL OF THE ELECTRIC DIFFERENTIAL-BASED
ELECTRIC VEHICLE TRACTION DRIVE
The proposed ED-based EV dual-motor traction drive is
shown in Fig. 2. In this configuration, the EV wheels are
coupled to the induction motors via fixed gears. The left and
right induction motors are fed by two power inverters and
controlled by a DTC strategy. The speeds used by the right
and left motor speed controllers are estimated using adaptive
observers. In a turning way, the quantity provided by the
steering wheel is added to the vehicle reference speed for the
external wheel and extracted from the vehicle reference speed
for the internal wheel. This will generate the left and right
induction motor reference speeds. The DTC torque references
are obtained using PI controllers.
A. Direct Torque Control
DTC is an alternative method to flux-oriented control. The
basic principle is the selection of the electromagnetic torque
and stator flux references by choosing the appropriate inverter
state. Several advantages may be considered: nearly sinusoidal
stator flux and current waveforms; higher robustness regarding
motor parameter variations, except the stator winding resis-
tance; higher torque dynamics; and easier flux and speed es-
timator implementation since coordinate transformation is not
required [7], [8].
Fig. 3. DTC block diagram.
A DTC conventional type is used as shown in Fig. 3 [7].
It includes hysteresis regulators and a commutation table. The
reference torque (T ∗em) is given by the speed controller, which
is of PI type.
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Fig. 4. Adaptive observer global structure.
As DTC implementation requires torque and flux knowledge,
a more elaborate and efficient solution for that purpose consists
of using state observer determinist types such as the Luenberger
observer [9]–[11]. In this case, the flux components are ob-
tained using an adaptive observer that is also used to estimate
the two induction motor speeds [13]. The estimated torque is
given by
Tˆem =
3
2
p (ϕˆsαisβ − ϕˆsβisα) . (1)
B. Flux and Speed Observer
In this paper, an adaptive flux and speed observer is adopted.
This observer uses the observed system model. It calculates the
stator flux and rotational speed estimated values using the motor
drive measurements (stator currents and dc voltage).
The induction motor state model developed in the stationary
reference frame is given as follows [13]:{
dx
dt = Ax + Bu
y = Cx (2)
where x = [ isα isβ ϕrα ϕrβ ]T is the state vector, u =
[Vsα Vsβ ]T is the input vector, and y = [ isα isβ ]T is the
output vector, with
A=
⎡
⎢⎢⎢⎢⎣
− 1σ
(
1−σ
Tr
+ 1Ts
)
0 LmσLsLrTr
Lm
σLsLr
ωr
0 − 1σ
(
1−σ
Tr
+ 1Ts
)
− LmσLsLr ωr LmσLsLrTr
Lm
Tr
0 − 1Tr −ωr
0 LmTr ωr − 1Tr
⎤
⎥⎥⎥⎥⎦
B=
⎡
⎢⎢⎣
1
σLs
0
0 1σLs
0 0
0 0
⎤
⎥⎥⎦ C =
[
1 0 0 0
0 1 0 0
]
.
The estimated speed ωr is considered as a variable parameter.
Using (2), a global observer structure can be written as
dxˆ
dt
= Aˆxˆ + Bu + G (y − yˆ) (3)
where G is the observer gain matrix, which is selected to ensure
system stability. The global adaptive flux and speed observer
structure is shown in Fig. 4.
Fig. 5. EV driving trajectory model.
Fig. 6. Reference torque generation block diagram.
The stability analysis (Lyapunov stability theorem) in terms
of observation error allows having an asymptotic observer. The
speed-adaptive mechanism is then given by
ωˆr =Kpe (esαϕˆrβ−esβϕˆrα)+Kie
∫
(esαϕˆrβ−esβϕˆrα) dt
(4)
where Kpe and Kie are positive gains, esα = isα − iˆsα, and
esβ = isβ − iˆsβ .
C. ED
The block diagram of Fig. 2 assumes that the vehicle linear
speed v is maintained constant during each maneuver. There-
fore, the DTC torque commands are produced by selecting
the vehicle desired speed. Each induction motor rotation speed
depends on the selected driving regime type [14].
For the straight-line regime, the motor rotation speeds are
ωl = ωr =
v
r
. (5)
For the turning regime (see Fig. 5), the rotation speeds for
each motor are different. For example, in the right turning way,
these speeds are expressed as⎧⎪⎨
⎪⎩
ωl = 2v(1+ ρ+2dρ−2d )r
= vr + Δω
ωr = 2v(1+ ρ+dρ−d )r
= vr −Δω
Δω = d vρr
(6)
where Δω is imposed when the vehicle crosses a turning way.
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Fig. 7. Experimental setup. (a) Setup details. (b) Setup pictures.
The vehicle speed is given by
v = r
ωl + ωr
2
. (7)
D. Reference Torques
The induction motor references are generated by PI control-
lers, which maintain the speed constant under any load torque.
It is given by
T ∗l,r = Kp
(
ω∗l,r − ωˆl,r
)
+ Ki
t∫
t0
(
ω∗l,r − ωˆl,r
)
dt (8)
where Kp and Ki are PI coefficients.
Fig. 6 shows the block diagram that illustrates the induction
motor torque reference generation principal.
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TABLE I
RATED DATA OF THE TESTED INDUCTION MOTORS
Fig. 8. EV speed reference.
IV. EXPERIMENTAL TESTS
A. Experimental Setup
The experimental setup details and pictures are shown in
Fig. 7. The used cage induction motor rated data are given in
Table I. These motors are each supplied by a two-level voltage
inverter.
The setup main components are given as follows: a DSP
system (single fixed-point TMS320LF2407), an optical encoder
attached to the motor shaft only to allow comparison be-
tween estimated and measured speeds, and current and voltage
sensors. The DSP system is interfaced to a standard power
converter. The continuous-time algorithm is discredited with a
sampling period of 100 μs. At each sampling instant, the DSP
receives stator current and voltage measurements and then runs
the estimation algorithm, the DTC scheme, and the ED.
For the EV driving cycle emulation, a magnetic power brake
is used. It allows load torque generation, which is controlled by
varying an excitation current. Indeed, the load torque is strictly
proportional to the excitation.
B. Vehicle Reference Speed Profile
Fig. 8 shows the vehicle reference speed profile. This profile
consists of Phase 1 (constant acceleration, speed increases
linearly), Phase 2 (constant speed), and Phase 3 (constant
deceleration, speed decreases linearly).
C. ED Procedure Tests
The following two situations have been investigated for the
ED tests: 1) the straightway regime, where the two motors
operate at the same speed, and 2) the turning-way regime,
where each motor operates at different speeds.
D. Experimental Results
Figs. 9 and 10 illustrate the proposed ED-based EV dual-
motor traction drive performances. Figs. 9(a) and 10(a) il-
lustrate the right and left induction motor speeds under the
Fig. 8 driving cycle (with left and right turning ways), re-
Fig. 9. Right induction motor dynamic performances. (a) Speed. (b) Esti-
mated torque, speed, and their references. (c) Zoom on the stator current,
estimated torque, and estimated and reference speeds.
spectively. In this case, three speeds are shown in Fig. 9(a):
(blue) estimated speed, (red) reference speed, and sensor speed,
which is shown only for comparison purposes. Figs. 9(b) and
10(b) allow the ED performance evaluation in terms of load
torque variations. Finally, the given zoom in Figs. 9(c) and
10(c) clarifies the ED performance in terms of currents under
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Fig. 10. Left induction motor dynamic performances. (a) Speed. (b) Estimated
torque, speed, and their references. (c) Zoom on the stator current, estimated
torque, and estimated and reference speeds.
load torque variations. These obtained results lead to two
conclusions.
1) Speed estimations are effective [see Figs. 9(a) and 10(a)].
2) Torque estimations are effective [see Figs. 9(b) and
10(b)].
Fig. 11. EV electronic differential responses. (a) Left and right reference and
estimated speeds. (b) Left and right reference speed and vehicle linear speed.
Fig. 11 shows the EV electronic differential responses in
terms of right and left induction motor speeds under right and
left turning ways [see Fig. 11(a)]. It is obvious that the ED
satisfactorily operates according to the applied speed profile
[see Fig. 11(b)].
V. CONCLUSION
This paper has dealt with an ED-based EV. The ED system
will reduce the drive line components, thus improving the over-
all reliability and efficiency since mechanical differential and
gear reduction are not used. In this case, The EV traction drive
system uses two separate induction motor drive-based wheels.
The proposed ED has been developed to handle the EV
stability while cornering or under slippery road conditions. For
that purpose, it uses a DTC and an adaptive-flux-and-speed-
observer-based algorithm.
The carried-out specific experimental tests on a DSP
TMS320LF2407 have clearly demonstrated the feasibility and
the effectiveness of the proposed adaptive ED in terms of
robustness and stability without mechanical sensors. However,
a comparative study should be carried out to assess the pro-
posed electrical differential efficiency and reliability regarding
a traditional mechanical differential.
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